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Tomorrow’s Metamaterials: Manipulation of
Electromagnetic Waves in Space, Time and Spacetime
Christophe Caloz, Polytechnique Montre´al, 2500 ch. de Polytechnique, H3T 1J4 Montre´al, QC, Canada
Abstract—Metamaterials represent one of the most vibrant
fields of modern science and technology. They are generally
dispersive structures in the direct and reciprocal space and time
domains. Upon this consideration, I overview here a number of
metamaterial innovations developed by colleagues and myself in
the holistic framework of space and time dispersion engineering.
Moreover, I provide some thoughts regarding the future perspec-
tives of the area.
I. INTRODUCTION
Metamaterials are electromagnetic1 structures composed of
artificial particles or “meta-atoms” and exhibiting properties
that are typically unavailable in natural materials. In contrast to
natural materials, they do no owe their properties to the actual
atoms that constitute them at the angstromic scale but to their
structural meta-atoms, namely to the shape, size, orientation
and lattice arrangement of these meta-atoms. These properties
are extremely diverse and virtually unlimited, extending well
beyond the phenomenon of negative refraction that initially
popularized the field. Some of these properties, and their
applications, are discussed in this paper.
Historically, metamaterials are the descendants of artifi-
cial dielectrics developed by J. C. Bose, K. F. Lindman,
W. E. Kock, W. Rotman and others from the last decade of
the nineteen’s century to the 1960’ies. They really boomed
at the turn of the twenty-first century, where they took their
current name, with the introduction of an artificial magnetic
medium based on split-ring resonators by J. B. Pendry and the
subsequent combination of this medium with a wire electric
plasma medium into a negative refractive index medium by
D. R. Smith and colleagues. Today, metamaterials represent
one of the most vibrant fields of modern science and tech-
nology. Over 100 books, among which [1]–[15], have already
been published on the topic over the past decade, and the field
keeps growing steadily.
Being generally operated in temporal and spatial frequency
ranges where their lattice features are sub-wavelength, meta-
materials appear as homogenous media to electromagnetic
waves and can therefore be characterized by effective con-
stitutive parameters. In general, these parameters are bian-
isotropic, including the permittivity (ǫ), the permeability (µ),
the magnetic-to-electric coupling term (ξ) and the electric-
to-magnetic coupling term (ζ) tensors [16], and these tensors
depend on the angular frequency (ω), the spatial frequency (k),
time (t) and space (r). Consequently, as illustrated in Fig. 1,
where the aforementioned tensors are represented by the
generic notation χ, metamaterial engineering essentially con-
sists in building artificial structures that realize specific direct
and reciprocal space and time domain bianisotropic responses.
1This represents the vast majority of metamaterials, but there are also
acoustic, thermal and quantum metamaterials.
The paper follows this logic, describing a few of the virtually
unlimited metamaterial possibilities, with classification based
on the ω,k, t, r dependencies of ǫ, µ, ξ, ζ.
Fig. 1. Artistic representation of metamaterial engineering, that consists
in realizing a diversity of direct and reciprocal space and time domain
bianisotropic responses. Here, χ represents the metamaterial permittivity (ǫ),
permeability (µ), magnetic-to-electric coupling (ξ) and electric-to-magnetic
coupling (ζ) tensors, while ω is the angular frequency (reciprocal time), k
is the spatial frequency (reciprocal space), t is time (direct time) and r is
space (direct space). Combining different dependencies (ω,k; t, r) and bi-
anisotropies (ǫ, µ, ξ, ζ) leads to a virtually unlimited number of distinct types
of metamaterials.
II. ORIGIN SPACETIME ENGINEERING
A. Temporal Dispersion
By virtue of the second law of thermodynamics, the electro-
magnetic energy stored in a system is necessarily a positive
quantity. As a consequence, all media, except vacuum, are
frequency dispersive, i.e. have χ = χ(ω) [17], [18]. Meta-
materials tend to be particularly strongly dispersive, with a
level of dispersion that is proportional to how much they
alter waves, according to causality principles, incarnated by
Kramers-Kronig relations [17]–[19].
B. Coupled Resonator Broad Bandwidth
Two types of metamaterial structures have been often op-
posed in the early days of “modern metamaterials”, i.e. in the
first decade of the century: wire/split-ring and transmission-
line metamaterials [1]–[3]. The fundamental nature of the
difference was realized only later.
The wire/split-ring metamaterials, mostly developed by
physicists, were conceived as natural matter, i.e. as arrays
of isolated atoms, whose Lorentz dispersive response is ob-
tained by applying Newton equation of motion to an isolated
atom and then averaging equivalent electric and magnetic
dipole moments into corresponding polarization densities [19].
These metamaterials are thus essentially systems of uncoupled
resonators and their bandwidth is therefore limited by their
quality factor, where low loss is inevitably accompanied with
narrow bandwidth.
In contrast, transmission-line metamaterials, mostly devel-
oped by engineers, are coupled resonator structures. The
resonators that constitute them are essentially similar to those
of the wire/split-ring metamaterials, but they are tightly packed
together and hence exchange energy. This makes all the
difference: the coupled states2 of the numerous meta-atom
resonators collapse into a continuum, and this gives rise to
extremely broad bandwidths without penalty on transmis-
sion3 [21].
Composite right/left-handed (CRLH) transmission line
metamaterials and derivatives [22]–[24], that may be seen as
a coupled-resonator extension of Lorentz-Drude media with
double negative and positive parameters below and above
their balanced electric and magnetic plasma or zero index fre-
quency, have lead to a myriad of novel component and antenna
applications [1], [21], [25]–[32]. Ironically, whereas some
physicists deployed enormous efforts to overcome the loss-
bandwidth issue of wire/split-ring metamaterials, engineers
routinely used CRLH structures to enhance or multiplicate the
bandwidth of existing components!
C. From Dispersion and Bandwidth to Spacetime Engineering
It soon occurred to me that the combination of high
dispersion, inherent to metamaterials, and broad bandwidth,
available in coupled-resonator metamaterials, represented a
unique opportunity for dispersion engineering, i.e. for de-
veloping novel media with tailorable frequency dependent
parameters, χ = χ(ω), and that this would lead to a new
range of applications. In this perspective, I showed in [33]
how one could leverage the high dispersion and broad band-
width of metamaterials to engineer artificial phase velocity,
group velocity and group velocity dispersion parameters for
corresponding applications, and that these possibilities could
be further extended by using multi-scale structures such as
ferromagnetic nanowire metamaterials [34], [35].
The aforementioned dispersion engineering concepts are
purely temporal. However, metamaterials, as their photonic
crystal predecessors, are also generally spatially dispersive,
i.e. χ = χ(k). For instance, a chiral metamaterial, that
reciprocally rotates the polarization of waves, is inherently
spatially dispersive4. A generalized-refractive metasurface is
also a spatially dispersive structure since it transforms incident
k vectors to different reflected and transmitted k vectors. So,
2An isolated resonator is characterized by its resonant mode, or state, in a
given frequency range. When two identical and initially distant resonators are
brought in close proximity to each other, a new structure is formed, with richer
field distributions (typically symmetric and anti-symmetric) and the initially
degenerate states of the isolated resonators split into two coupled states. Three
coupled resonators leads to three coupled states, and so on.
3The concept of coupled resonators for broad bandwidth is well known in
microwave filter theory [20].
4Consider the general electric response of a bi-isotropic medium to a plane
wave: D = ǫE+ ξH = ǫE+ jξ/(ωµ)∇× E = ǫE+ ξ/(ωµ)k ×E. So,
the medium may be considered as a dielectric medium with effective permit-
tivity tensorial operator ǫe = ǫI + ξ/(ωµ)k× = ǫe(k).
metamaterials are in general both temporally and spatially
dispersive, χ = χ(ω,k).
A large number of metamaterials are also nonuniform, i.e.
having properties changing in space. This is for instance the
case of artificial Luneburg or fisheye lenses and coordinate-
transform cloaking metamaterials. So, the parameters of meta-
materials generally also depend on space, χ = χ(ω,k; r).
Time is apparently missing in the zoo of metamaterials
formed so far. Adding time, i.e. χ = χ(ω,k; t, r), corresponds
to making the metamaterial either moving or, more practically,
pumped. Such metamaterials have been hardly studied so far,
and I shall also say a few words about them near the end of
the paper.
We have thus established a general direct and reciprocal
space and time – or generally spacetime – classification and
description of metamaterials, as illustrated in Fig. 1.
III. TEMPORAL FREQUENCY ENGINEERING – χ(ω)
Current technology cannot meet the ever increasing demand
in faster, more reliable and ubiquitous radio systems. The
trend over past decades has been to place an ever increasing
emphasis on digital signal processing (DSP), where spectral
efficiency has been maximized via sophisticated modulation,
multiplexing or MIMO schemes. However, these approaches
have now reached their limits and migration to millimeter-
wave and terahertz frequencies has become indispensable to
access larger spectral resources. Unfortunately, DSP is not
applicable at such frequencies, where signals are varying too
fast to be digitized. To overcome this problem, my group,
inspired by the capabilities of broadband metamaterials [33]
and by concepts of ultrafast optics [36], recently proposed
real-time analog signal processing (R-ASP) as a new and
general technology for processing electromagnetic waves in
real time [37].
The core of a R-ASP system is the phaser, which is a
dispersive component following specified group delay versus
frequency responses for diverse operations, such as for in-
stance real-time Fourier transformation. The initial approach
for the design of phasers was based on CRLH meta-lines but
was later extended to more general dispersive structures, that
attained unprecedented level of temporal frequency control
at radio frequencies. A diversity of phasers, in various tech-
nologies – transmission and reflection, planar, multilayer and
waveguide, passive and active, reciprocal and nonreciprocal,
guided or spatial technologies – were reported [38]–[48] with
efficient synthesis techniques [49]–[54]. Related applications
included tunable pulse delay lines, pulse position modulators,
compressive transceivers, frequency discriminators, temporal
RFIDs, dispersion code multiple access (DCMA) systems,
spread spectrum transmitters and time-reversal subwavelength
transmission [40], [55]–[62].
A major challenge in real-time processing is the fact that,
due to fundamental causality constraints, manipulating the
frequency response of a medium or device generally implies
variations of the magnitude of the transfer function. However,
we recently reported a fundamental concept that overcomes
this limitation, and hence opens up new horizons in R-ASP.
This is the concept of a perfect dispersive medium. This is a
metamaterial, composed of loss-gain unit cells with properly
tuned electric and magnetic dipolar responses, that exhibits
a perfectly flat magnitude response with arbitrary (within
causality) dispersion (phase) response [63]. This medium
also represents a spatial phaser, transforming the temporal
spectrum of electromagnetic waves in quasi-arbitrary fashions.
IV. SPATIAL FREQUENCY ENGINEERING – χ(k)
The first metamaterials, including artificial dielectric lenses
and negative refraction media, were designed to operate in
the monochromatic regime, i.e. χ 6= χ(ω), transforming the
spatial spectrum of electromagnetic waves and hence exhibit-
ing spatial frequency variations, i.e. χ = χ(k), as typical
Fourier transforming devices [64]. However, the most power-
ful spatial-frequency engineered metamaterials nowadays are
metasurfaces.
Metasurface may be seen as the two-dimensional counter-
parts of volume metamaterials and the functional extensions
of frequency and polarization selective surfaces. Arguably,
they possess the benefits of both without suffering from their
drawbacks, hence leading to an incredible wealth of electro-
magnetic transformations, reported by many groups around the
world and including holographic beam forming, generalized
refraction, fast imaging, vortex generation, angular filtering
and mathematical processing. Note that metasurfaces are also
most often spatially varying, i.e. χ = χ(k; r), where the spatial
and direct space descriptions are simply related by Fourier pair
transformations.
A daunting question just a few years ago was: how can
one synthesize a general metasurface that would transform an
incident wave into specified scattered (reflected and transmit-
ted) waves? We initially developed a momentum conservation
synthesis method in [65], based on the fact that momentum
(k) must be conserved across a metasurface due to its zero
(or deeply subwavelength) thickness, but this method was
overly complicated for vectorial waves, where it involved
field expansions in vectorial Bessel functions. We subse-
quently developed a surface susceptibility synthesis method,
based on generalized sheet transition conditions (GSTCs), that
not only powerfully transforms any incident electromagnetic
waves into arbitrary reflected and transmitted waves, but also
provides deep insight in the physics of the transformation,
and revealed the possibility to simultaneously perform multiple
transformations leveraging bianisotropic susceptibility degrees
of freedom [66], [67]. We subsequently reported the following
applications: a generalized refraction beam splitter based on
refractive birefringence, and double orbital angular momentum
generator, a spatial switch, and a spatial processor that may be
seen as the electromagnetic extension of both an interferometer
and a transistor [68], [69].
In connection with the aforementioned research, we realized
that nonreciprocity, breaking the symmetry of susceptibility
tensors and hence liberating extra degrees of freedom, was a
tool for transformation diversity, in addition of its applications
to isolating and circulating devices. However, all nonreciprocal
materials reported until recently were based on ferromagnetic
substances and hence require a biasing magnet that would
electromagnetically obstruct the aperture of the metasurface,
hence making it unusable. Fortunately, we had just discovered,
in 2011, what I like to call “magnetless magnetism”, namely
the possibility to produce all the magnetic phenomena with
a magnetless metamaterial structure, whose transistor loaded
particles mimic electron spin precession in natural magnetic
materials [70], [71]. This metamaterial has already been
demonstrated in several component applications that would
normally require magnetic materials [72]–[74]. In addition,
they lend themselves well to metasurface configurations, and
may therefore indeed provide the aforementioned transforma-
tion diversity in future sophisticated metasurfaces.
V. SPACETIME FREQUENCY ENGINEERING – χ(ω;k)
Many natural phenomena (e.g. rainbows or colorful oil
slicks) and classical human devices (e.g. Newton prisms,
diffraction gratings, or color holograms) are based on spectral
decomposition, namely the mapping of temporal frequencies
(ω) into spatial frequencies (k). In fact, a leaky-wave an-
tenna, excited by a pulse rather than a monochromatic wave,
effectively operates as a diffraction grating. Based on this
observation, a unique real-time leaky-wave antenna based
spectrogram analyzer, scalable to arbitrary frequencies, was
reported in [75]. This application was enabled by the full-
space scanning capability introduced by the CRLH leaky-
wave antenna [32], [76], that, incidentally, allowed to solve the
persistent problem of broadside radiation instability previously
plaguing also other leaky-wave antennas [77]–[80], and led
to several related novel applications and technologies [32],
[72], [81]–[86]. However, spatiotemporal, or spacetime, en-
gineering may be pushed further. For instance, leaky-wave
antenna spectral decomposition may be used for the real-
time spectral analysis of ultra-fast signals where different
frequency components are mapped onto a screen with related
photo-detectors [87]. The resolution of such a device, for
a given projection depth, could be dramatically increased
if the mapping could be performed on a two-dimensional
screen of detectors, as suggested in [88], using a sophisticated
metasurface, involving spatial phasing, gradient profile and
multiple resonances.
VI. SPACETIME ENGINEERING – χ(t, r)
Direct space varying metamaterials, χ = χ(r), are gradient
metamaterials, already touched upon in previous sections. The
time dependence is much less obvious and has been hardly
approached to date in the realm of metamaterials. A time-
dependent metamaterial is a time-varying structure, χ = χ(t)
– sort of a “living metamaterial” – whose properties change
in time, and, most interestingly, in a diabatic5 fashion, so as
to allow transformations of the temporal spectrum of waves.
Such metamaterials can be of two different types: it may be
a moving medium [16] or a parametric [89] structure. The
former is generally unpractical, but the later is possess a huge
innovation potential, in my opinion.
5
“Diabatic” is meant here as very fast, specifically sub-period, where the
period is defined as that of the highest frequency component of the spectrum.
There exists a partial duality between spatially and tem-
porally varying, or discontinuous, media [90]. Both obey, at
least in one dimension, similar wave equations and bound-
ary conditions, but the latter does not allow back-scattering
because reflection back to the past are causally impossible.
This partial duality leads to fascinating novel physical and
technological concepts. Let us consider just one example for
the sake of illustration: the spacetime modulated leaky-wave
system reported last year in [91]. Operating oblique transitions
in the dispersion diagram, as silicon in its indirect bandgap, the
system is at the same time an up-converter, a transmit antenna,
a nonreciprocal duplexer, a receiver and a down-converter!
VII. FUTURE
The twenty-first century, considering recent spectacular
progress in nanotechnologies, will doubtlessly witness a meta-
material revolution. Given the explosion of biotechnologies in
these times [92], it is highly probable that some of the most
advanced metamaterials will involve biological material, as
DNA. Conferences in a couple of decades may feature special
sessions on genetically engineered spacetime metamaterials.
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